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Introduction
Lumbar interbody fusion (LIF) is often performed in adult spinal deformity and degenerative surgery by permanently fusing adjacent vertebrae. Interbody fusion is achieved by appropriate endplate preparation and delivery of bone graft in a host environment that has good blood supply and stability. Mechanical stability at the site facilitates fusion and this is achieved with instrumentation of the spine. Fusion success can be influenced by a variety of factors including patient related factors, surgical technique, cage material, cage design and bone graft material.
A number of LIF approaches exist. Transforaminal lumbar interbody fusion (TLIF) aims to achieve interbody fusion through a posterior approach using the transforaminal corridor. This allows direct decompression of the exiting and traversing nerve roots, but loses the potential for fusion at the facet joints. There is a risk of injuring a nerve root and cage sizes are smaller than those used in lateral or anterior approaches [1, 2] . In lateral lumbar interbody fusion (LLIF), a lateral retroperitoneal transpsoas corridor is created to access the disc space. This approach can be used from T12/L1 to L4/5, mostly to correct sagittal and coronal deformities [3] and allows insertion of larger cages. Approach-related risks include damage to the lumbar plexus and in multilevel cases posterior pedicle screws are required via a second operation, sometimes on a different day. However, the facet joints are preserved and can then be fused.
The use of interbody cages allows restoration of sagittal and coronal balance, provides indirect neural decompression and can achieve a 360-degree fusion. Interbody cages are produced from a variety of materials including polyetheretherketone (PEEK) and titanium. Polyetheretherketone cages can cause a local inflammatory response leading to possible non-union and osteolysis. Solid titanium cages overcome this concern but have a higher elastic modulus. Advances in 3D-printing technologies allow the manufacture of titanium cages to incorporate complex internal geometries (reducing modulus by design of the cages), rough surface architecture and optimal structural pores designed to increase osteoblastic activity [4] .
Autologous iliac crest bone graft is the gold standard bone graft in spinal fusion as it is the only graft with true osteoinduction and osteogenesis properties in addition to osteoconduction, but its use is limited by complications including donor site pain, scarring, infection and haematoma [5, 6] . Silicate-substituted calcium phosphate (SiCaP) is widely used as a bone graft substitute with different spinal fusion surgical techniques [7, 8] . This synthetic graft contains similar levels of silicon to natural bone [9] and has osteoconductive properties. SiCaP may have osteoinductive properties due to the microstructure of the graft substitute, surface topography, optimised porosity and pore size that provide an optimal microenvironment for neovascularisation and recruitment of new osteoblasts. It allows new bone formation to replace the graft through creeping substitution. Animal models have demonstrated the efficacy of SiCaP used as a stand-alone bone graft substitute and as autograft extender models [10, 11] .
This study aimed to assess fusion success and patient-reported outcomes in a single-surgeon, two-centre consecutive case series of 93 patients who underwent TLIF or LLIF surgery using 3D-printed lamellar titanium cages packed with SiCaP bone graft.
Methods

Hypothesis
Higher fusion rates can be achieved with TLIF or LLIF surgery using 3D-printed lamellar titanium cages packed with SiCaP bone graft.
Study design
This study was a review of prospectively collected data from a single surgeon based at the Royal National Orthopaedic Hospital NHS Trust and Spire Bushey Hospital in the United Kingdom. Data were included from a consecutive case series of 93 eligible adult patients who underwent TLIF or LLIF surgery from 4 November 2015 to 16 October 2017 and provided signed informed consent.
All patients were provided with printed information detailing the benefits and risks of the procedure and listed for surgery, normally performed within 3 months of the initial outpatient consultation. Formal consenting was taken in the 2 weeks leading to surgery. Patients stayed in hospital for approximately 4-7 days following surgery and returned for outpatient appointments at 6 weeks, 6 months, 1 year and then annually.
The primary endpoint was fusion rate at 12 months based on computed tomography (CT) scans. Secondary endpoints were patient-reported outcome measures (PROMs) of satisfaction and quality of life. Complications were recorded. We present PROMs data collected at 6 and 12 months post-surgery, although patients continue to be followed up.
Patients
Patients aged >18 years were eligible if diagnosed with the following and had exhausted non-operative management: lumbar spine degenerative disease or deformity leading to neurogenic claudication due to canal stenosis, leg pain in the corresponding dermatomes due to lateral recess or exit foraminal compression, or back pain due to instability or positive sagittal balance. Patients were required to stop smoking at least 3 months before surgery. Patients were excluded from surgery if they had severely compromised bone density (osteoporosis) due to the high risk of fixation failure, or if their medical comorbidities carried an unacceptably high risk to life with a lengthy general anaesthetic in the opinion of a consultant anaesthetist.
All patients who were surgically treated during the study period were included and all received SiCaP-packed 3D-printed titanium cages.
Implant
The interbody implant used was an off-the-shelf 3D-printed lamellar titanium cage (K2M, Leesburg, VA, USA) packed with SiCaP bone graft (Inductigraft Prep Syringe; Baxter Healthcare, Deerfield, IL, USA). Pre-operative planning was performed on all patients using Surgimap Spine Software (Nemaris Inc., New York, NY, USA) based on erect whole spine radiographs or EOS scans (EOS Imaging, Paris, France). The final decision on cage size and angle of lordosis was made intra-operatively. SiCaP was ejected from its syringe into the graft window of the selected cage and then finger packed as tightly as possible.
Surgical technique
Surgical strategy included correction of sagittal balance and coronal deformity, restoration of anatomical height across the disc space, indirect or direct decompression and reduction of spondylolisthesis if present. All patients had their reconstruction augmented with posterior instrumentation or a lateral plate (in stand-alone single-level lateral cases). When posterior surgery was performed, facet preparation and decortication were used to promote posterior fusion.
A minimally invasive Wiltse approach was used for TLIF. Facetectomy, discectomy, preparation of endplates and SiCaP-filled cage implantation were performed. SiCaP graft was packed into the disc space prior to cage insertion.
For LLIF, a minimally invasive lateral transpsoas approach to the lumbar spine was used as previously described [12] . Discectomy, preparation of endplates and SiCaP-filled cage insertion were performed. SiCaP graft was packed into the disc space prior to cage insertion.
Assessment of fusion
Computed tomography images were captured at 12 months and reported by a consultant musculoskeletal radiologist. Results were reviewed by authors (MM and RL) independently.
Indicators of fusion included: 1) continuous column of bone across the fusion level on thin slice CT, 2) absence of lucency at the graft/cage and vertebral body interface, 3) no cage subsidence, 4) no endplate cystic changes and 5) no loosening of implants [13] .
Patient-reported outcomes
Patient-reported outcomes of satisfaction and pain were assessed using five questionnaires: EuroQOL five dimensions (EQ-5D), visual analogue scale (VAS) for pain (EQ-5D VAS) [14] , VAS pain scores for leg and back, and the Oswestry Disability Index (ODI). Patients completed online or paper questionnaires, which were then automatically or manually loaded to the outcome registry (SPRINT, later replaced by the British Spine Registry). Outcome evaluations were collected pre-surgery and at 6 weeks, 6 months and 12 months post-surgery; findings at 6 and 12 months were compared with pre-surgery values.
Safety assessments
Complications that occurred during surgery and follow-up were recorded. The relationship to implants was assessed.
Statistical analysis
All statistical analyses were performed using SPSS version 20 (IBM, Armonk, NY, USA) with results obtained for descriptive statistics and, where applicable, by paired t-test and z-test. Continuous data were summarised using descriptive statistics (mean, standard deviation/range). Categorical data were presented using frequency counts and percentages.
Results
Patients
A total of 93 patients (43 males and 50 females) were included in the study with a mean age of 61.0 years and body mass index around 28 kg/m 2 ( Table 1 ). The most frequent indications for surgery were degenerative scoliosis (33/93, 35.5%) and lumbar spondylolisthesis (30/93, 32.3%). Both TLIF and LLIF were performed at single-and multi-levels with a total of 150 levels operated on (Table 2) .
Fusion assessment
Computed tomography at 12 months demonstrated solid fusion in 92 of 93 (98.9%) patients with good integration of cages at the vertebral body interface and no evidence of screw loosening. Assessment at individual interbody levels revealed that 149 out of 150 levels had fused (Fig. 1) . The single failed fusion occurred in a two-level TLIF for a Grade 2 spondylolisthesis with fusion at L4-L5 and pseudoarthrosis at L5-S1 (Fig. 2) . The patient was asymptomatic at 12 months and 24 months with no leg or back pain or evidence of failure of the construct.
Patient-reported outcomes
Patient-reported outcomes showed clinically significant improvements in all parameters 1 year post-surgery. Pain scores (VAS) in both back and leg decreased following both TLIF and LLIF surgery and quality of life (EQ-5D and EQ-5D VAS) improved in both TLIF and LLIF surgery patients at 6 months and 1 year (at 1 year, all p < 0.001; Table 3 ). Mean VAS significantly declined 1-year following TLIF surgery (back: À5.5; leg: À6.7) and following LLIF surgery (back: À5.9; leg: À6.9). Mean ODI declined 1 year following TLIF surgery by 43.0 from crippled to minimal disability and following LLIF surgery by 41.2 from severe to minimal disability.
Complications
Nine patients (9.7%) experienced complications in total. There was a similar frequency following TLIFs (n = 5) and LLIFs (n = 4) ( Table 4) . No patient experienced more than one complication. Two TLIF patients (2.2%) had a revision in length to their S1 screws. Patients who had cage subsidence due to intraoperative endplate damage, L3 and L4 fracture following LLIF or segmental bleeding were observed closely and progressed successfully to fusion. Patients who experienced chest infection, right iliac deep vein thrombosis or superficial posterior wound infection recovered after treatment with intravenous antibiotics, anticoagulants or surgical debridement, respectively. One patient experienced increased right leg pain following a two-level TLIF which resolved after exploration with decompression. None of the complications were directly related to the inserted cages or SiCaP.
Discussion
Although 3D-printed lamellar titanium cages and SiCaP bone grafts are used for spinal fusion surgery, to our knowledge, fusion rates using SiCaP-packed lamellar titanium cages have not been assessed. This study is the first prospective evaluation of the spinal fusion rates and safety of SiCaP-packed 3D-printed lamellar titanium cages in TLIF and LLIF surgery, all completed by a single lead surgeon. A total of 93 TLIF/LLIF patients were included in this study. The primary endpoint of solid fusion at 12 months was achieved in 92 of 93 (98.9%) patients with good cage integration at the vertebral body interface and no evidence of screw loosening. This fusion rate was accompanied by marked improvements in patient-reported disability, quality of life and pain scores at 6 and 12 months compared with pre-surgery. Although we do not present data herein, we can report that patients in our study who have completed the 2 year follow-up at the time of writing have all maintained these improvements in their outcome measures.
Although the role of spinal instrumentation and fusion continues to be challenged in the treatment of adult spinal degeneration and deformity [15] , our study demonstrates that the objectives of deformity correction, indirect or direct decompression, stabilisation and fusion can be achieved using SiCaP-packed 3D-printed lamellar titanium cages in TLIF and LLIF surgery. Additionally, patient-reported outcomes are supportive of achieving good results, challenging the belief that lumbar spine fusion surgery should not be performed in the adult population with degenerative disease and deformity [15] .
Fusion rates vary depending on the exact procedure and no general consensus on procedural suitability exists [16, 17] . Indeed, some studies found little difference in fusion success rates between posterior instrumentation (88%), posterior LIF (89%) and TLIF (92%) for the treatment of degenerative spinal disorders [18] . However, our combined TLIF and LLIF surgery fusion rate of 98.9% in patients with lumbar degenerative disease or deformity, confirmed by CT assessment, exceeds rates published for matching and related techniques. A recent study examining anterior LIF surgeries to correct spinal deformities reported 95% and 87% fusion rates, as confirmed by plain radiographs and CT scans, respectively [19] . For our TLIF and LLIF patients, we chose to combine 3D-printed lamellar titanium cages and SiCaP synthetic graft packed in and around the cage as the best combination to achieve fusion.
It is widely accepted that meticulous disc space preparation is the most important factor in achieving fusion. However, the use of instrumentation can significantly enhance the chances of fusion success. There is an array of different materials used in interbody cage construction, including PEEK and titanium. The elastic modulus of PEEK is similar to that of bone and it can decrease the risk of endplate fracture and subsidence [20] . However, PEEK relies on large graft windows to allow fusion as its smooth surface, hydrophobic properties and lack of porosity do not facilitate bony ongrowth, ingrowth and through-growth [21] . Its lack of incorporation into bone leads to shedding of submicron particles which drive osteolysis manifesting in inflammation [22, 23] .
It has been reported that fusion rates are far higher when using titanium over PEEK as the interbody cage material for TLIF procedures. Standard titanium cages contain large graft windows and like PEEK, have no ability to allow bony ongrowth, ingrowth and through-growth [23] . Titanium has a greater elastic modulus than bone, resulting in increased risk of endplate fractures and subsidence [24] . However, due to their biological inertness, titanium cages do not cause osteolysis [23] . Although the elastic modulus of titanium is unalterable, the modulus can be manipulated and decreased by processes that introduce porosity (design modulus).
By 3D-printing these cages, as opposed to casting them, complex internal architecture and structural pores can be incorporated, creating complex internal geometries and a rough surface architecture to increase osteoblastic activity and allow incorporation into bone. Whilst the upfront cost is increased, the cost-benefit profile favours the use of these cages when fusion rates such as those reported here can be achieved.
A significant body of preclinical evidence supports the use of SiCaP as a stand-alone graft [11, 25] , but as it is a relatively new innovation, clinical studies on the efficacy of SiCaP as a bone grafting material for TLIF or LLIF are limited and all used PEEK cages [26, 27] . A retrospective study conducted by Nagineni et al. found that of 18 patients who underwent TLIF and 11 patients who underwent LLIF with SiCaP-packed PEEK cages, 85% (LLIFs) to 89% (TLIFs) achieved fusion at 12 months [26] . In a separate study using SiCaP-packed PEEK cages, 76.3% fusion was achieved in 57 patients who underwent TLIF and 82.1% in 44 patients who underwent LLIF [27] . No study was found to use SiCaP in combination with titanium cages.
Fusion rates reported in the literature therefore range from 76.3% to 95%. The vast majority of studies reporting fusion rates used plain radiographs to judge fusion. When using CT scans, at least 1 study confirmed that radiographs overestimate fusion rates [19] .
The combined fusion rate of 98.9% in TLIF and LLIF using SiCaPpacked 3D-printed lamellar titanium cages reported here far exceeds previously published rates.
A criticism of SiCaP-packed interbody cages is that the attenuation is similar to bone and this may cause an illusion of fusion. It is impossible to prove that fusion has been completed by creeping substitution without doing an open biopsy at the interbody site. It is not justifiable to routinely biopsy the interbody site when there is no clinical indication to do so. Therefore, we must rely on the best available radiological investigation (CT) to determine fusion. It is possible that the SiCaP has not been replaced by bone at 12 months but as at any bone and graft site under load, the expectation is that in the absence of integration, a clear line of demarcation will form with resorption at the interface.
Conclusion
Our findings demonstrate that excellent fusion rates can be achieved in adult degenerative disease and deformity with the use of 3D-printed lamellar titanium cages packed with SiCaP bone graft, even where multilevel interbody cages are used.
Patient-reported outcomes demonstrated improvements for every outcome assessed. The excellent fusion rates almost certainly contributed to the improvement in patient-reported outcomes. These data challenge the notion that adult degenerative disease and deformity fails to respond to fusion surgery.
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